We discuss the current state of knowledge related to the pathogenesis of myocardial stunning as well as the potential mechanisms responsible for the clinical presentation of myocardial stunning in hemodialysis patients. We suggest future research areas for this critical and clinically important condition in this high-risk patient population. In consideration of acute and chronic changes secondary to dialysis, especially in patients with risk for coronary artery disease, the prevalence of myocardial stunning and its role in the natural history of these patients' disease progression is considered. We propose a paradigm: that the majority of the pathophysiologic mechanisms by which hemodialysis may induce myocardial stunning falls into two categories with (1) vascular and/or (2) metabolic contributions. In order to prevent eventual myocardial hibernation, myocardial remodeling, scarring, and loss of contractile function with aberrant electrical conductivity that could lead to sudden death, it is imperative to identify the risk factors associated with myocardial stunning during hemodialysis. Further understanding of these mechanisms may lead to novel clinical interventions and pharmacologic therapeutic agents.
Introduction
There are more than 500,000 people living in the United States with end-stage renal disease (ESRD). The prevalence of coronary artery disease (CAD) in patients with dialysis contributes significantly to elevated mortality and CAD prevalence. Although increased mortality in this patient population was considered to be secondary to increased cardiovascular events, the reduction of typical cardiovascular risk factors (hyperlipidemia, hypertension, obesity) has not had the expected reduction in mortality in this patient population. Additionally, the majority of cardiovascular deaths in hemodialysis (HD) patients are secondary to sudden cardiac death, rather than myocardial infarction [1, 2] , with the incidence of cardiac arrest being 100 times higher in the dialysis population than in the general population [3] .
Recently, several investigations proposed that, in some patients undergoing HD, there is myocardial stunning that occurs during the episode of HD [4] [5] [6] [7] . These patients have higher mortality and morbidity rates and tolerate HD less well than their counterparts without myocardial stunning during HD. Interestingly, patients on peritoneal dialysis do not appear to have an increased risk of myocardial stunning, despite changes in systemic hemodynamics [8] . This review will attempt to address the state of our understanding of potential mechanisms responsible for HD-induced myocardial stunning and propose several potential therapeutic approaches which may warrant further clinical investigation.
Pathophysiology of Myocardial Stunning: Etiology, Mechanisms, and Therapeutics
Braunwald and Kloner [9] originally described myocardial stunning as 'delayed recovery of regional myocardial contractile function after reperfusion despite the absence of irreversible damage and despite restoration of normal flow'. Since that original description, transient episodes of myocardial ischemia leading to prolonged left ventricular (LV) dysfunction were characterized and established as a cause of heart failure [9] . The clinical importance of myocardial stunning resulted in several studies that describe the mechanisms involved in myocardial stunning, including loss of high-energy phosphates, impaired microvascular perfusion, impaired sympathetic neural responses, reactive oxygen species, leukocyte activation, and disturbances in calcium homeostasis [10] . At the cellular level and through animal studies, it has been demonstrated that reactive oxygen species, thrombosis, ischemia/reperfusion injury, microvascular dysfunction, and channelopathies may contribute to myocardial stunning [11] [12] [13] . There remains some controversy with respect to clinical significance and inclusion of all of these mechanisms; however, the two main metabolic pathways leading to myocardial stunning include calcium overload and reactive oxygen species (ROS) generation.
Free radicals produced during reperfusion contribute to myocardial stunning, with the duration of ischemia determining the magnitude of free radical formation. With free radical formation, the generation of reactive oxygen species occurs, and they are then available to interact with lipids within cell membranes or with other cellular components such as calcium to promote myocardial stunning. These reactions activate calcium-dependent protease activity and consequently troponin I proteolysis. These factors present during ischemia and early reperfusion act to damage the sarcoplasmic reticulum and contractile machinery and, thereby, result in impaired LV function [14, 15] . Specifically, it has been proposed that a stunned myocardium could be the result of reparative processes after ischemia, with the generation of ROS and slowed resynthesis of contractile proteins as well as a decreased calcium responsiveness leading to LV dysfunction. Several other studies also emphasize the central mechanism of metabolism in myocardial stunning [16] . Prostacyclin and angiotensin-con-verting enzyme inhibition and the subsequent increase of bradykinin can modulate and protect against the severity of stunning.
Metabolic and cellular contributions from ROS and calcium homeostasis also have some overlap with the vascular dysfunction that is likely to occur with myocardial stunning. More specifically, the vascular elements that contribute to myocardial stunning are likely dependent on the endothelium and lead to microvascular dysfunction. Extravascular influences also include compressive forces from edema. These factors can impair blood flow regulation and directly affect contractile function. In addition, vascular dysfunction can negatively impact myocardial ventricular wall energetics and mechanics. Wall stress likely increases myocardial energy expenditure and then introduces a load that negatively influences myocardial mechanics. Certainly, it is the interplay of metabolic demand and myogenic supply and function that is of central importance in the development of stunning, particularly in the HD population.
Cardiac Physiology of HD
HD exerts hemodynamic changes, with the most deleterious effect of hypotension during dialysis. Hypotension during dialysis in patients with an already increased risk for CAD has been shown to precipitate myocardial ischemia [17] . Interestingly, the development of ST-segment depression during HD is independent of angiographic evidence of CAD [18] . Cardiac troponin T levels are often elevated in dialysis patients, and these elevated levels predict increased mortality [6, 19, 20] . Indeed, chronic kidney disease (CKD) is an independent risk factor for acute myocardial infarction and stable angina in patients with CAD [21] . Myocardial stunning can occur in the HD population even in the absence of CAD. In figure 1 , a schematic of contributing factors is illustrated, with a specific focus to the known pathophysiology of myocardial stunning and the potential hemodynamics of HD that may contribute to the increased prevalence of myocardial stunning in this population.
With intravascular volume shifts, it is perceivable that the LV volume, pressure, shape, and morphology are in a load-dependent state, increasing myocardial energy demand and negatively impacting myocardial mechanics. These alterations might contribute to the increased peak systolic and diastolic wall stress, similar to the wall stress seen in patients with severe CAD. With even temporary hemodynamic overload, ventricular dilation and increased wall stress could induce and release numerous agents such as angiotensin II, endothelin-1, interleukin-6, tumor necrosis factor-␣ , insulin-like growth factor-1, and atrial natriuretic peptide. Inflammation is well known to occur at increased and deleterious levels in the CKD population. This inflammation is likely to contribute to pathologic changes in the HD patient, predisposing and contributing to myocardial stunning. The inflammatory processes that are most likely to contribute to HD-induced myocardial stunning in CKD patients include atherosclerosis, altered endothelial permeability, high pro-inflammatory cytokine content in the myocardium and systemic circulation, nitric oxide-dependent negative inotropy as well as myocardial inflammatory cell infiltration. These factors might directly contribute to hemodynamic overload and myocardial wall stress, predisposing to myocardial stunning ( fig. 1 ) .
Along the spectrum of inflammation and endothelial dysfunction, the pathophysiology of acute thrombosis and inflammation is implicated in CKD: ADP-induced platelet aggregation and dysfunction is seen in patients with moderate-to-severe CKD [22] . Certainly, aspirin reduces the incidence of major cardiovascular events and death in patients with CKD [23] . Vascular calcium is associated with an increased risk of coronary events in patients with or without CKD. However, vessel calcification is rapidly progressive after the initiation of chronic dialysis. CKD patients appear to have characteristic medial calcification, in addition to the classical atherosclerotic intimal and subintimal vascular calcification [24, 25] . Although vascular calcification is characterized in this population, myocardial calcification is less characterized and may be a suitable field for study with the advent of advanced cardiac imaging modalities for elucidating the underlying mechanisms. Myocardial calcification is associated with fibrosis, reduced LV compliance, and diastolic dysfunction; it is feasible that these changes could predispose a HD patient undergoing rapid volume changes to pulmonary edema and hypotension [7] . Certainly, the well-known 'calcium hypothesis' in the pathogenesis of myocardial stunning due to calcium overload, calcium-activated proteases, and the generation of ROS can directly be linked to the increased prevalence of myocardial stunning in the HD population.
Clinical Data on HD-Induced Myocardial Stunning
HD patients are at increased risk for myocardial ischemia due to the high prevalence of LV hypertrophy, hypotension during HD, coronary artery atherosclerosis, and reduced coronary flow reserve [26] [27] [28] [29] [30] [31] . However, several other factors are likely to contribute to myocardial stunning in the HD population. It is interesting to note that even pediatric patients undergoing HD are found to experience myocardial stunning, suggesting a characteristic cardiovascular phenotype in HD patients that predisposes to significant demand ischemia and myocardial stunning [32] , even in the absence of CAD. Indeed, positron-emission tomography measuring myocardial blood flow during HD in patients without angiographically significant CAD confirms HD-induced segmental LV dysfunction correlating with the matched reduction in myocardial blood flow [5] . HD-induced myocardial stunning is common and could be the predisposing element leading to the increased prevalence of heart failure and increased mortality in CKD patients with ESRD [7] .
In a multivariate analysis, age, predialysis cardiac troponin T levels, hypotension during dialysis, and ultrafiltration volumes independently predicted the occurrence of HD-induced cardiac injury. Fluid removal of even 1 liter over the standard 4-hour HD session conferred a 5 times greater risk of developing myocardial stunning, with 2 liters conferring a 26 times greater risk. The effects of ultrafiltration volume are hypothesized to be secondary to the potential hemoconcentration with microcirculatory shear stress and reduced perfusion, leading to an exacerbation of myocardial ischemia [6] . Presumably, HD patients have a higher incidence of cardiovascular events secondary to the presence of risk factors for microvascular and endothelial dysfunction: advanced age, increased inflammation, atherosclerosis, hyperlipidemia, and hypertension [33] [34] [35] . The basic mechanisms of myocardial stunning have been previously evaluated in the CAD population; however, only a few studies exist that evaluate the mechanisms of myocardial stunning in HD patients, with most of the data from McIntyre's group in the United Kingdom and consisting of small observational studies with great clinical utility [7, 36] .
McIntyre's group first studied the effect of hypotension during dialysis and found that, when standard bicarbonate HD was compared with a biofeedback technique that responded to significant declines in relative blood volume by temporarily reducing the ultrafiltration rate and increasing dialysate conductivity, there was a 1.8-fold increased risk of myocardial stunning in the standard HD group [37] . Frequency of HD was also analyzed as a second therapeutic variable. To avoid large shifts in volume and associated hemodynamic instability, dialysis intervals of less than or equal to 1 day are suggested. Evidence shows a lower incidence of myocardial stunning with frequent HD versus the longer 2-day dialysis intervals [38, 39] . Daily HD treatment also improved LV mass and quality of life [40, 41] .
Many CKD patients do not have increased mortality from myocardial infarction but instead suffer from sudden cardiac death. There is much work needed in order to determine whether HD itself is pro-arrhythmogenic [4] . Although dialysis can increase QTc intervals and does show arrhythmia on Holter monitoring, the links between these ECG changes and sudden cardiac death are unknown in the HD population. Perhaps channelopathies in the HD population, in the setting of myocardial stunning, warrant further investigation to elucidate the possible mechanisms of arrhythmia and sudden death.
Several inflammatory states could also contribute to the clinical prevalence of myocardial stunning. Potential contributing factors in diabetic patients include high levels of glucose exposure and systemic absorption of glucose degradation products directly toxic to cardiac myocytes, elevated tissue and serum advanced glycation end-products with deleterious effects on vascular function, and hypokalemia increasing the arrhythmogenic potential.
HD patients also have increased inflammation due to mucosal ischemia and ultrafiltration; this can cause a reduction in splanchnic blood volume in the absence of systemic hypotension [42] [43] [44] . Endotoxin derived from intestinal bacteria can have deleterious effects on the cardiovascular system, driving systemic inflammation, oxidative stress, and atherosclerosis. Endotoxin is elevated in early-stage CKD patients and is likely to be secondary to altered gut permeability [45] . Furthermore, circulating endotoxin was found to be grossly elevated in stage 3-5 CKD patients, with a further increase in endotoxemia in the HD population, also correlating with the increased severity of myocardial stunning (r = 0.44, p = 0.035) [46] . Endotoxin contamination of dialysis water has also been recognized as a contributing cause of cardiovascular instability during dialysis [47] .
Therapeutic Options: More Questions than Answers
Today's dialysis patients are frequently diagnosed with disease that is relevant to cardiorenal syndrome [48, 49] . However, treatment and management of these patients are often compartmentalized and followed individually by both cardiology and nephrology specialty providers. CAD is frequently present in patients with ESRD and has a high likelihood of contributing to these patients' morbidity and mortality. To better treat these patients, a thorough understanding of the physiological changes occurring during dialysis as well as of the potential pathophysiology that can occur in dialysis patients is essential ( table 1 ) .
To begin, an analysis of CAD risk factors and treatment of risk shows some benefit for but without total recovery of the incidence of myocardial stunning. A systematic review of the effect of beta-blockers in patients with CKD has shown all-cause mortality did decrease with beta-blocker use. However, adverse effects such as bradycardia, hypotension, and hyperkalemia were also increased [50] .
Interestingly, dialysis-induced myocardial stunning can be partially abrogated by altering the HD process. Native arteriovenous fistulas (AVF) have an improved long-term outcome compared with central catheter HD, with higher AVF blood flows (Qa 1 1,000 ml/min) proving less cardiac injury than lower blood flows [51] . This was independent of the cardiac index, systolic blood pressure, AVF position, or other patient descriptive factors. Korsheed et al. [51] hypothesize that some of the beneficial effect of AVFs may be secondary to distal relative ischemia at the higher flow, either at rest or during HD, resulting in a remote preconditioning [52, 53] effect providing a degree of protection to the heart. Several other preconditioning stimuli (adenosine, NO, CO, H 2 S, ethanol, etc.) have been shown to be protective against myocardial ischemia and stunning in animal studies [54] [55] [56] , and it would be interesting to determine whether pharmacologic preconditioning would have a similar beneficial effect in the HD population.
Temperature control could also decrease inflammation, and a randomized crossover study compared standard dialysis with a temperature of 37 ° C to standard dialysis using cooled dialysate of 35 ° C, and found lower blood pressure values, a 3.8-fold increase in myocardial stunning, and an impaired regional systolic LV function during HD at 37 ° C [37] . A succeeding study found that dialysis at approximately tympanic temperature provides maximal cardioprotection while avoiding the issues of patient tolerability of cold dialysate [57] .
With so many potential mechanisms responsible for myocardial stunning in the HD population, the most exciting avenues for future research are yet unexplored. Specifically, calcium homeostasis, ROS, endothelial permeability, microvascular function, cytokine release, inflammatory infiltrates, and systemic circulating levels of biomarkers of classic inflammatory mediators are just a few research possibilities yet unchartered.
Summary
The cardiorenal syndrome is characterized by the interplay between renal and cardiac disease. These patients are among the most difficult with regard to treatment and management [34] . Cardiovascular morbidity and mortality in HD patients are an overwhelming burden in the care of ESRD patients in the United States; yet, data analyzing the mechanisms of such hemodynamic and cardiovascular complications are lacking. Altering HD protocols and optimizing cardiovascular risk and cardiac functional capacity with pharmacologic therapy may help improve the morbidity and mortality of the HD population. Mortality in CKD is also proportional to LV ejection fraction, with the concomitant presence of heart failure and CKD creating a 'perfect storm' for the patient [58] . Congestive heart failure development and progression are considered two of the major causal factors to the mortality seen in dialysis patients [59] . The most likely clinical explanation for the increased mortality seen in HD patients is myocardial stunning. Clearly, there is need for further mechanistic studies of myocardial stunning in the HD population. Translational clinical research and multicenter clinical trials are needed to further elucidate the mechanisms of myocardial stunning in HD and have the ability to enhance the treatment and clinical management of the cardiorenal patient.
